A novel series of 3-((2-chloroquinolin-3-yl)methylene)indolin-2-ones were synthesized, using the 'molecular hybridization approach' and evaluated for anticancer efficacy. Eleven 3-((2-chloroquinolin-3-yl)methylene) indolin-2-ones (LM01 to LM11) were synthesized and evaluated for in vitro cytotoxic efficacy in cancer (ovarian, prostate and colon) and two non-cancerous cell lines. Among the 3-((2-chloroquinolin-3-yl)methylene)indolin-2-one derivatives, LM08, with a 6-Cl substitution in the 3-quinolinyl moiety, had selective and potent cytotoxic efficacy in the ovarian cancer cell line A2780. Further mechanistic investigations indicated that LM08 significantly inhibited the clonogenic survival of A2780 cancer cells, which was mediated by inducing apoptosis.
Introduction
Despite several decades of intensive research, cancer still remains the leading cause of human deaths worldwide, accounting for an estimated 8.2 million deaths (around 13% of all deaths) in 2012 [1] . There are more than 200 types of cancer, making therapy extremely complicated and often inefficient [2] . Although chemotherapy is the mainstay for cancer treatment, the use of available chemotherapeutics is often limited due to severe or problematic adverse effects [3] and the development of multidrug resistance [4] . Consequently, there is an urgent need for novel, efficacious anticancer compounds with reduced toxicity.
1H-indole-2,3-dione (also known as isatin) is a scaffold of significant interest because of its broad spectrum biological properties [5] , and its cytotoxic and antineoplastic efficacies have been widely investigated [6] . 1H-indole-2,3-dione and its derivatives inhibit cancer cell proliferation and tumor growth by interacting with a variety of intracellular targets such as DNA, telomerase, tubulin, P-glycoprotein, protein kinases and phosphatases [6, 7] . The aryl/heteroarylidene indolin-2-ones scaffold has recently become a versatile template for discovering novel kinase inhibitors for clinical use in cancer therapy ( Fig. 1) [6, 8, 9, 10] . The success of aryl/heteroarylidene indolin-2-one as a new class of antineoplastic drugs is further supported by the approval of the oxindole, sunitinib maleate (Sutent ®), by the United States Food and Drug Administration for the treatment of advanced renal carcinoma [11] , gastrointestinal stromal tumors [12] and neuroendocrine tumors of the pancreas [7, 13] . The clinical success of sunitinib has led to several synthetic efforts in the search for anticancer drugs based on the heteroarylidene indolin-2-one scaffold. Furthermore, research has primarily been focused on replacing the pyrrole ring in the C3 position indolin-2-one core of sunitinib with different heterocyclic moieties like imidazole, dihydropyridine, indoles, etc [6] . This strategy has been shown to be successful in many instances. For example, compound 3, an indolinone containing a dihydropyridine instead of a pyrrole ring, is cytotoxic and was 3-fold more efficacious than sunitinib in HCT-116 colon, A549 lung and HepG2 liver cancer cells [7, 14] .
Another class of compounds potentially suitable for anticancer drug discovery are the quinolines and their derivatives [15] . Quinolines are inhibitors of tyrosine kinases, proteasomes, tubulin polymerization and DNA repair [15] . Furthermore, a combination of different bioactive fragments with complementary pharmacophoric functions often produced synergistic effects [16] . Based on these data and our ongoing efforts towards developing efficacious antitumor drugs through a "molecular hybridization approach" [17] , we synthesized a series of novel 3-((2-chloroquinolin-3-yl)methylene)indolin-2-one derivatives, which incorporate a 2-chloroquinolinyl moiety at C3 position indolin-2-one as novel anticancer drugs. The present study represents the first systematic study on the synthesis and anticancer efficacy evaluation of 3-((2-chloroquinolin-3-yl)methylene)indolin-2-ones.
Results & discussion

Chemistry
The synthetic protocol used to obtain the desired 3-((2-chloroquinolin-3-yl)methylene)indolin-2-ones (LM01-LM11) is illustrated in Scheme 1. The key intermediates, 2-chloroquinoline-3-carbaldehydes (4a-4k), were synthesized from commercially available acetanilides (3a-3k) using the Vilsmeier-Haack reaction as previously described [18, 19] . Another intermediate, indolin-2-one (2a), was obtained using the Wolff-Kishner reduction of isatin (1a) with hydrazine hydrate [20] . The reaction of indolin-2-one (2a) with 2-chloroquinoline-3-carbaldehydes (4a-4k) in ethanol, in the presence of piperidine (catalytic), yielded the target compounds, 3-((2-chloroquinolin-3-yl)methylene)indolin-2-ones (LM01-LM11). The structures of the newly synthesized compounds were confirmed by microanalyses, IR, MASS and NMR spectral experiments.
Anticancer efficacy evaluation
The synthesized compounds (LM01-LM11) were evaluated for in vitro cytotoxic efficacy in ovarian cancer (OV2008, A2780) colon carcinoma (HCT-116 and HT29), prostate cancer (PC3 and DU-145), human primary embryonic kidney (HEK293/pcDNA3.1) mouse fibroblast (NIH/3T3), and Chinese hamster ovarian (CHO) cell lines, using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay [21] . All of the compounds were tested at several concentrations ranging from 0.1 to 100 μM. The concentration of the tested compounds that produces a 50% inhibition of cell growth (IC 50 ) was calculated. Table 1 summarizes the IC 50 values obtained for the compounds evaluated in the cancer cell lines used in this study.
Among the 11 compounds tested for cytotoxic efficacy, compound LM08, with a 6-Cl substitution in the 3-quinolinyl moiety, had significant in vitro cytotoxic efficacy in the three tested ovarian tumor cell lines, with IC 50 values ranging from 7.7 to 48.8 μM. Interestingly, compound LM09, a positional isomer of LM08, also showed a similar, but reduced efficacy profile in ovarian cancer cells, indicating that the chlorine substitution in the benzo ring of the 3-quinolinyl moiety may affect the cytotoxic efficacy of the 3-((2-chloroquinolin-3-yl)methylene)indolin-2-one derivatives on ovarian cancer cells. Other than the chloro-substituted derivatives, LM01, an unsubstituted derivative and compound LM02, a 6-methyl substituted derivative, also had cytotoxic efficacy (IC 50~5 0 μM) in OV2008 cells, and LM07, an 8-methoxyl substituted derivative, had cytotoxicity (IC 50 ¼ 32 μM) in A2780 ovarian cancer cells.
In the two prostate cancer cell lines, PC3 and DU-145, the growth of the PC3 cells was decreased by only two of the 3-((2-chloroquinolin-3-yl) methylene)indolin-2-one derivatives that had 6-OCH 3 (LM05) and 8-OCH 3 (LM08) substitutions at high concentrations (IC 50~9 0 μM). In contrast, DU-145 cells were significantly inhibited by six compounds in the series, LM01, LM04, LM07-09, and LM11. Compound LM07, containing an 8-methoxyl substitution in the 3-quinolinyl moiety, had the greatest cytotoxic efficacy in DU-145 cells, with an IC 50 value of 11 μM.
The remaining five compounds had low to moderate cytotoxic efficacy in DU-145 cells, with IC 50 values ranging from 47 to 96 μM.
In the colon cancer cells lines, HT-29 and HCT-115, none of the synthesized compounds produced cytotoxicity in HT-29 cancer cells, even at the maximum concentration tested (100 μM). In contrast, seven of the 3-((2-chloroquinolin-3-yl)methylene)indolin-2-one derivatives had cytotoxic efficacy in HCT-115 cells. Compound LM10, with a 6-bromo substitution in the benzo ring of the 3-quinolinyl moiety, had the highest cytotoxic efficacy, with an IC 50 value of 41.3 μM. It is important to note that none of 3-((2-chloroquinolin-3-yl)methylene) indolin-2-ones, with the exception of LM04 and LM10, produced significant cytotoxicity in human embryonic kidney cells at a concentration of less than 50 μM. Furthermore, all of the 3-((2-chloroquinolin-3-yl) methylene)indolin-2-ones were non-cytotoxic in mouse fibroblast (3T3) cells at the maximum concentration used, suggesting that most of the compounds studied in this study were non-lethal in the normal cell lines.
Our results indicate that compound LM08 may be a potential candidate for further investigations in terms of its potent and selective in vitro cytotoxicity in A2780 ovarian cancer cells. Subsequently, we determined the efficacy of LM08 (10 or 20 μM) to inhibit the clonogenic survival of A2780 cells. The results (Fig. 2) indicate that LM08, at 10 or 20 μM, while negatively impacting the growth and survival of A2780 cells, also significantly inhibited the colony formation of A2780 cells.
A number of clinically approved anticancer drugs have been reported to produce cytotoxic effects by inducing apoptosis [22] . Therefore, we assessed the apoptosis-inducing potential of LM08 in A2780 cells using the Alexa Fluor 488 annexin V kit for flow cytometry assay.
As shown in Fig. 3 , the untreated cells (i.e. control cells) were primarily healthy, viable cells that showed little or no apoptosis (Q1: 94.1%, Q2: 5.87 %). However, there was a significant increase in annexin red fluorescence in cells incubated with LM08, indicating a significant shift in the number of cells showing apoptosis at 10 μM (Q1: 64.8%, Q2: Table 1 Cytotoxic efficacy of 3-((2-chloroquinolin-3-yl)methylene)indolin-2-ones on various cell lines (cancerous and non-cancerous). 34.6%) and 20 μM (Q1: 61.5%, Q2: 36.9%). These data indicate that apoptosis induction is one of the mechanisms by which LM08 induces cytotoxicity in A2780 ovarian cells. Nuclear condensation is one of the prominent hallmarks of apoptotic cell death [23] . Therefore, we determined the effects of LM08 on the nuclear morphology of A2780 cells using DAPI staining. The nuclear changes in A2780 cells after incubation with different concentrations of LM08 (0, 5,10 or 20 μM) for 24 and 48 h were visualized and recorded (Fig. 4) . The results, as shown in Fig. 4 , confirm the development of nuclear condensation in A2780 cells incubated with 5, 10, or 20 μM of LM08 at 24 and 48 h, whereas the control cells had a normal nuclear shape, consisting of an oval, non-condensed, shape. Thus, these results further validate the concept that LM08-induced cytotoxicity in A2780 cells is mediated by apoptosis.
Conclusion
In conclusion, a novel series of 3-((2-chloroquinolin-3-yl)methylene) indolin-2-one derivatives was designed, synthesized and evaluated for in vitro cytotoxic efficacy in ovarian, colon and prostate cancer cells and two non-cancerous cell lines. Among the 3-((2-chloroquinolin-3-yl)methylene)indolin-2-one derivatives, LM08, with a 6-Cl substitution in the 3-quinolinyl moiety, displayed selective and potent cytotoxic efficacy in the ovarian cancer cell line, A2780. Mechanistic experiments indicated that LM08 significantly inhibited the clonogenic survival of A2780 cells, and this effect was mediated by apoptosis. Based on the results of this study, LM08 may be an suitable molecule for the discovery of novel and selective anticancer drugs for the treatment of ovarian cancer.
Materials & methods
Chemistry
All reagents and solvents used in this study were obtained from commercial suppliers and used without further purification. The reaction progress was monitored by TLC, using silica gel 60 F-254 (0.25 mm) plates and the developed plates were visualized with UV light. Melting points were determined in open glass capillaries using a Veego digital melting point apparatus and are uncorrected. 1 H NMR spectra were recorded using dilute solutions of CDCl 3 or DMSO-d 6 on a Bruker Avance II 400 spectrometer. Chemical shifts (δ) are reported in ppm relative to trimethylsilane, and coupling constants (J) are reported in Hz. Electrospray ionization mass spectra (ESI-MS) were acquired using an Applied BiosystemQtrap 3200 MS/MS system. Infrared (IR) spectral data were obtained using a Schimadzu FT-IR 8400S IR spectrophotometer with an ATR accessory. Elemental analyses were performed with a Vario Microcube CHNS analyzer (Elementar, NJ, USA).
Synthesis of indolin-2-one (2a)
Isatin (0.05 mol) was dissolved in 30 ml of hydrazine hydrate (0.6 vehicle for 24 or 48 h, respectively, were detected using DAPI staining. Condensed and fragmented nuclei were observed under an EVOS fluorescent microscope at 40X. Acetanilide and substituted acetanilides, 4a-4c (0.05 mol) were dissolved in 9.6 ml of dimethyl formamide (0.125 mol) and 32 ml of phosphorus oxychloride (0.35 mol) was added to this solution gradually at 0 C. The reaction mixture was placed in a round bottom flask (RBF equipped with reflux condenser fitted with a drying tube) and heated for 4-16 hrs on oil bath at 75-80 C. The solution was cooled to room temperature and then poured on 100 ml of ice water. The precipitate was collected by filtration and recrystallized from ethyl acetate. Ovarian cancer (OV2008, A2780), colon carcinoma (HCT-116 and HT29), prostate cancer (PC3 and DU-145), normal human primary embryonic kidney (HEK293/pcDNA3.1) normal mouse fibroblast (NIH/ 3T3) and normal chinse hamster ovarian (CHO) cell lines were all used for cell cytotoxicity assay (MTT). All the cells were grown as monolayers in culture flasks using complete culture medium (DMEM) and 4.5 g of glucose, 10% FBS and 1% penicillin/streptomycin).
Cell cytotoxicity by MTT assay
The effect of the compounds on the cell survival was determined in different cancer and normal cell lines using the MTT assay. The MTT assay was conducted as previously as described [24, 25] . The seeded cells in 96 well plates were incubated with different analogs at different concentrations for 72 hrs. The cells were further incubated with MTT for 4 hrs to produce the formation of the purple formazan crystals, which is indicative of viable cells. DMSO was added to dissolve the crystals and the absorbance was determined at 570 nm wavelength as described previously [26] . The IC 50 was calculated and the selectivity of the compounds was determined by comparing survival in normal cells.
Evaluation of cell cytotoxicity by colony formation assay
The survival of ovarian cancer cells (A2780) in the presence of LM08 was further determined by colony formation assay as previously described in detail [26, 27, 28] . Briefly, A2780 cells were incubated with vehicle (0 μM) or LM08 (10 or 20 μM) for 24 hrs. The cells were reseeded at a very low density in six well plates to determine their efficacy to inhibit the formation of new cancer colonies over a period of 2 weeks. The colonies were then fixed and stained. The number of colonies for each treatment was counted under EVOS microscope (Themo Fisher Scientific, Wayne, MI, USA) and colony formation rate was calculated.
Annexin V based apoptosis assay
The induction of apoptosis in A2780 cells was evaluated using MitoTracker Red and Alexa Fluor 488 annexin V kits in combination with flow cytometry (Molecular Probes Inc., Invitrogen, Eugene, OR) as previously described [24] 
Nuclear condensation-based apoptosis assay
The detection of the nuclear changes, including nuclear condensation, to further confirm apoptosis, was conducted as previously described [29] . The A2780 were seeded and incubated with vehicle (0 μM) or LM08 (5, 10, or 20 μM) for 24 or 48 hrs. The cells were fixed and stained with DAPI nuclear staining. Finally, an EVOS microscope was used to detect the blue fluorescent staining of the nuclei and observe the nuclear changes produced by vehicle or LM08.
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